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Abstract
The wingless- and int-related proteins (Wnts) have an important role during embryonic development and limb patterning.
To investigate their function during chondrocyte differentiation, we used NIH3T3 cells producing seven members of the Wnt
family and secreted frizzled-related protein (sFRP-2) for co-culture experiments with the rat chondrogenic cell line pColl(II)-
EGFP-5. Pilot experiments showed a negative effect of Wnt-7a on the proliferation of three rodent chondrogenic cell lines,
RCJ3.1(C5.18), CFK-2, and C1. To establish a reporter system for chondrogenic differentiation we then produced a stably
transfected chondrogenic cell line based on RCJ3.1(C5.18) for further experiments, which expresses green fluorescence
protein (EGFP) under the collagen type II promoter (pColl(II)-EGFP-5). This cell line permits convenient observation of
green fluorescence as a marker for differentiation in life cultures. The colony size of this cell line in agarose suspension
cultures was reduced to 20^40% of control, when exposed to Wnt-1, 3a, 4, 7a, and 7b for 14 days. Similarly, reporter gene
expression and the synthesis of cartilage-specific proteoglycans were inhibited by this group of Wnts. In contrast, pColl(II)-
EGFP-5 cells exposed to Wnt-5a and Wnt-11 reached 140% of control, and reporter gene expression and proteoglycan
synthesis were stimulated. The effects of Wnt-7a and Wnt-5a were additive in pColl(II)-EGFP-5 cells and some but not all
Wnt effects were antagonized by the inhibition of proteoglycan sulfation with chlorate, by sFRP-2, which may modulate Wnt
receptor binding, or by inhibitors of protein kinase C. These results suggest two functional Wnt subclasses that differentially
regulate proliferation and chondrogenic differentiation in vitro which may have implications for cartilage differentiation in
vivo. Since some, but not all Wnt effects were sensitive to inhibitors of proteoglycan synthesis or protein kinase C, multiple
modes of signal transduction may be involved. ß 2001 Elsevier Science B.V. All rights reserved.
Keywords: Collagen type II gene expression; Wnt family (Wnt-1, Wnt-3a, Wnt-4, Wnt-7a, Wnt-7b, Wnt-5a, Wnt-11); RCJ3.1(C5.18) rat
calvaria cell ; Chlorate; Secreted frizzled-related protein; Di¡erentiation; Chondrocyte; Protein kinase C
1. Introduction
Endochondral bone formation is a highly regu-
lated process that is essential for vertebrate skeleto-
genesis and fracture repair [1^4]. The ¢rst identi¢able
step of endochondral bone formation in the develop-
ing limb involves condensation of undi¡erentiated
mesenchyme [5,6] followed by the appearance of col-
lagen type II expressing chondroblasts. After a peri-
od of proliferation, these cells di¡erentiate into chon-
drocytes, stop dividing and express cartilage-speci¢c
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proteoglycans and other extracellular components
[5,6]. The initial process of mesenchymal condensa-
tion appears to involve cell^cell adhesion [7^9] and
epithelial^mesenchymal interactions mediated by
various growth and transcription factors including
Wnts [1,5].
The wingless and int-related family of cysteine-rich
glycoproteins (Wnts) comprises at least 22 members
(http://www.stanford.edu/~rnusse/wntwindow.html).
They have been implicated in regulating various mor-
phogenetic processes [10] and in tumorigenesis
[11,12]. Wnts bind and signal via seven-membrane-
spanning receptors of the frizzled family (fz) [13,14].
The amino-terminal, extracellular cysteine-rich do-
main of the receptors is thought to mediate ligand
binding [15] and is shared by a fz-related gene family
that may modulate Wnt^receptor interaction [13].
Furthermore, glycosaminoglycans may function as
co-receptors for Wnts [16].
Wnts display some degree of functional redun-
dancy and may substitute for each other. However,
at least two functional groups can be identi¢ed ac-
cording to their ability to transform murine mam-
mary epithelial cells [17,18], to promote axis duplica-
tion in early Xenopus embryos [19,20], or to induce
tubule formation in isolated kidney mesenchyme [21].
This functional diversity may in part be due to the
activation of di¡erent receptor/signal transduction
cascades [22,23] including the dishevelled (dsh)/glyco-
gen synthase kinase (GSK)-3L/L-catenin/lef-1 path-
way [24,25], activation of protein kinase C (PK-C),
Ca2/calmodulin-dependent kinase II (CamKII), and
the release of intracellular calcium via a G-protein-
dependent mechanism [26,27].
Wnts show a distinct spatio-temporal expression
pattern during limb development. Wnt-5a is ex-
pressed in a gradient along the proximal^distal axis
with highest levels in the apical ectodermal ridge
(AER) [28] and may modulate outgrowth of the
limb bud [29]. Its expression appears to depend on
signals from the AER [30]. Wnt-3a may have a sim-
ilar function in the chick limb where it is su⁄cient to
induce several progress zone genes [25]. Wnt-7a is
expressed in the dorsal ectoderm and several reports
suggest that it may have an important role during the
speci¢cation of the dorso-ventral axis in the develop-
ing limb [28,31]. Wnt-3, Wnt-4, Wnt-6, and Wnt-7b
are seen uniformly throughout the mouse ectoderm
of the early limb bud [32,33], while Wnt-12 and Wnt-
11 are predominantly expressed in the limb mesen-
chyme [34], but their function is poorly understood.
During later stages of limb development Wnt-5a be-
comes con¢ned to the perichondrium of the bone
precursor and expression of Wnt-4 is seen in the
prospective articular cartilage. Overexpression of
Wnt-4 and Wnt-5a causes a truncation of the chick
wing [30,35]. Wnt-5a may cause a delay in prehyper-
trophic chondrocyte maturation independent of the
indian-hedgehog/PTHrP feedback loop [30,35]. Sim-
ilarly Wnt-1 and Wnt-7a appear to inhibit chondro-
cyte maturation in vivo and in vitro [36]. Conversely,
Wnt-4 overexpression may cause an acceleration of
chondrocyte maturation by promoting exit of prolif-
erating chondrocytes from the cell cycle [35].
Due to their complex, cysteine-rich sequence puri-
¢cation of Wnt proteins has been di⁄cult [15] and
synthetic Wnt proteins are not available to date. To
test the e¡ects of di¡erent Wnts on chondrogenic
di¡erentiation and proliferation, we therefore used
polyclonal NIH3T3 cell lines, stably transfected
with a retroviral system, secreting Wnt-1, 3a, 4, 5a,
7a, 7b, or 11 [21]. These cell lines were co-cultured
with a chondrogenic rat calvaria reporter cell line
that expresses green £uorescence protein (EGFP)
under the collagen type II promoter.
2. Materials and methods
2.1. Cell culture
RCJ3.1(C5.18) (RCJ) rat calvaria cells, kindly pro-
vided by J. Aubin (Toronto, Ont., Canada) [37], and
stable cell lines derived from this mother cell line
were maintained in Dulbecco’s modi¢ed Eagle’s me-
dium (DMEM, Gibco BRL, Paisley, UK), supple-
mented with 15% characterized fetal bovine serum
(FBS, Hyclone, Logan, UT, USA), 1037 M dexame-
thasone (Sigma, St. Louis, MO, USA), and penicillin
(5000 U/ml)/streptomycin (5000 Wg/ml) (Gibco BRL,
Paisley, UK) in a humidi¢ed 5% CO2/air atmosphere
at 37‡C. NIH3T3 cells expressing Wnt-1, 3a, 4, 5a,
7a, 7b, 11, secreted frizzled-related protein 2 (sFRP-
2), or L-galactosidase (lacZ) were produced by trans-
fection with the retroviral vector pLNCX containing
the respective murine coding sequences [21]. They
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were routinely cultured in DMEM containing 10%
characterized FBS in the presence of 200 Wg/ml Ge-
neticin (G418, Stratagene, La Jolla, CA, USA).
CFK-2 rat calvaria cells were kindly provided by
D. Goltzman (Montreal, Que., Canada) [38] and cul-
tured in RPMI 1640 (Gibco BRL, Paisley, UK) sup-
plemented with 10% FBS. Chondrogenic C1 mouse
teratocarcinoma cells were obtained from A. Poliard
(Paris, France) [39] and cultured in DMEM supple-
mented with 10% FBS for propagation or in 1% FBS
and 1037 M dexamethasone to induce chondrogenic
di¡erentiation.
Cell cultures were routinely subcultured weekly
and used for up to 10 passages. For di¡erentiation
experiments [40], cells were suspended in 0.8% low-
melting-point (LMP) agarose (Bio-Rad, Hercules,
CA, USA) and cultured for 14 days.
2.2. Construction of collagen type II reporter cell lines
The collagen type II reporter plasmid (pColl(II)-
EGFP) was constructed using an EagI^BspHI frag-
ment of pBI-EGFP (Clontech, Palo Alto, CA, USA)
including the coding region of enhanced green £uo-
rescence protein (EGFP) and the vectors SV40 pol-
y(A) tail blunt-end ligated into a unique BamHI site
of pColl(II) (with permission from Y. Yamada, In-
stitute of Dental Research, NIH, Bethesda, MD,
USA [41,42]) (Fig. 1). Stable transfection of the con-
struct was performed using the Clonfectin liposomal
preparation (Clontech, Palo Alto, CA, USA). 20 000
RCJ cells/cm2 were incubated with 0.4 Wg/cm2 line-
arized plasmid and 0.8 Wg/cm2 Clonfectin according
to the manufacturer’s instructions. Forty-eight hours
after transfection cells were replated 1:6 and clones
were selected in the presence of 200 Wg/ml hygro-
mycin (Boehringer, Mannheim, Germany). Colonies
were transferred after trypsin/EDTA treatment to
six-well plates within 2^4 weeks, expanded, charac-
terized and stored in aliquots in 40% FBS/10% di-
methylsulfoxide (DMSO)/DMEM at 3180‡C.
2.3. Sandwich co-culture experiments
Sandwich co-cultures were prepared from hygro-
mycin- or Geneticin-free stock cultures. First, mono-
layer cultures of Wnt-secreting cells were started with
50 000 cells/35-mm well of a single line or 1:1 mix-
tures of two lines as indicated in the respective ¢gure
legends. On the following day these monolayer cul-
tures were overlaid with LMP agarose containing
100 000 pColl(II)-EGFP-5 cells/ml (0.5 ml/35-mm
well). Medium was changed every 2^3 days and the
cultures were observed for 14 days.
2.4. Detection of EGFP
Expression of EGFP was detected with a 450^490/
FT510/LP520 nm ¢lter set using an inverted £uores-
cence microscope (Axiovert 100, Carl Zeiss, Jena,
Germany).
2.5. Alcian blue staining
Cartilage-speci¢c proteoglycans were stained with
alcian blue according to [43]. In brief, cells were ¢xed
with 3.7% formaldehyde/phosphate-bu¡ered saline
for 5 min, and then incubated overnight with dye
(0.5% alcian blue, 0.4 M MgCl2, 0.2 M Na-acetate,
pH 5.8).
2.6. Proliferation assay
LMP agarose cultures were maintained for 14 days
in the presence or absence of Wnt-secreting cell lines
and/or various treatments. Colonies formed were
Fig. 1. Rat collagen type II reporter construct. The enhanced
green £uorescence protein coding sequence and the SV40 poly-
adenylation signal were inserted 3P of the rat collagen type II
promoter. See Section 2 for details.
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documented on microphotographs (10U magni¢ca-
tion). The diameters of approximately 100 colonies
per condition were measured and their volume,
which may be directly related to cell content and
matrix formation, was calculated.
2.7. Reagents
All chemicals were of the highest available grade
and were generally purchased from Sigma (St. Louis,
MO, USA) or Roth (Karlsruhe, Germany). Falcon
plastic dishes were obtained from Becton Dickinson
(Meylan, France). Staurosporine, bisindolylmale-
imide I, Go« 6976 and phorbol 12-myristate 13-acetate
(PMA) were purchased from Calbiochem (La Jolla,
CA, USA).
3. Results
In pilot experiments, we found that the prolifera-
tion of three chondrogenic cell lines (RCJ3.1(C5.18)
[37], CFK-2 rat calvaria cells [44], and C1 chondro-
genic mouse teratocarcinoma cells [39]) was inhibited
when co-cultured in sandwich cultures with Wnt-7a-
producing NIH3T3 cells (not shown). Since the in-
Fig. 2. E¡ect of Wnts and sFRP-2 on collagen type II reporter gene expression. The reporter cell line pColl(II)-EGFP-5 (100 000 cells/
ml, 0.5 ml/35-mm well) was cultured in LMP agarose on top of monolayer cultures with NIH3T3 cells producing lacZ, various Wnts,
or sFRP-2 (50 000 cells/35-mm well). Chlorate (30 mM) was added where indicated (+C) and medium was changed every 2^3 days.
Fluorescent (left columns) and bright ¢eld photographs (right columns) (magni¢cation 15U) were taken after 14 days of culture. The
¢gure represents one of three similar experiments, performed in duplicate.
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hibitory activity could not be transferred with cell-
free supernatant and since puri¢ed or synthetic
peptides are not available to date, we continued
to use the co-culture system for the following stud-
ies.
To establish a reporter system for chondrogenic
di¡erentiation in co-culture experiments we stably
transfected RCJ cells [37] with EGFP under the rat
collagen type II promoter (Fig. 1), which is among
the earliest markers for chondrogenic di¡erentiation
[45,46]. Three pColl(II)-EGFP reporter cell lines
were obtained that formed alcian blue-positive nod-
ules when cultured in LMP agarose for 7^14 days.
The expression of EGFP was turned on after 7 days
when the colonies had reached a size of approxi-
mately ¢ve cell diameters. Compared to this culture
system, the appearance of £uorescing cartilage nod-
ules was more delayed in monolayer cultures (4^8
weeks post con£uence). After it had been established
that all three cell lines rapidly di¡erentiate under
optimized culture conditions similar to the mother
cell line RCJ [40], clone pColl(II)-EGFP-5, which
had an intermediate £uorescence intensity, was used
for all subsequent sandwich culture experiments. For
a standard experiment the chondrogenic reporter cell
line was suspended in LMP agarose on top of a
monolayer with NIH3T3 cells secreting various
Wnts. Fluorescence of the chondrogenic colonies in
LMP agarose was observed daily (Fig. 2). After 14
days, their size was measured on photomicrographs
of live cultures that were subsequently ¢xed for stain-
ing of cartilage-speci¢c proteoglycans with alcian
blue (Fig. 3). Thus, in the course of a 14-day sand-
wich culture experiment, three parameters were ob-
tained: collagen type II reporter gene expression,
proteoglycan synthesis and colony size. The e¡ect
of various Wnts on these three parameters was as-
sessed in the presence or absence of chlorate or PK-C
inhibitors.
3.1. E¡ects of Wnts on colony growth
The volume of the colonies formed by pColl(II)-
EGFP-5 reporter cells in LMP agarose was calcu-
lated from their largest diameter and likely correlates
with the number of cells per colony and the matrix
synthesized. For each condition a total of 200^1000
colonies were counted on microphotographs of sev-
eral independent experiments. When co-cultured with
NIH3T3 cells secreting Wnt-7a, colony growth of
pColl(II)-EGFP-5 cells was inhibited to 40% of con-
trol (i.e. co-cultures with NIH3T3 cells expressing
lacZ) (Fig. 4A). This e¡ect was similar to the growth
inhibition observed with Wnt-7a and the mother cell
line RCJ during the pilot experiments. Co-cultures
with NIH3T3 cells secreting Wnt-1, 3a, 4, and 7b
also inhibited colony growth of the reporter cell
line, thus forming an inhibitory Wnt subgroup to-
gether with Wnt-7a. Conversely, NIH3T3 cells se-
creting Wnt-5a or 11 stimulated colony growth to
140% of control volume (Fig. 4A), thereby establish-
ing a second, stimulatory subgroup of Wnts. Mem-
bers of the Wnt family of glycoproteins therefore
have a di¡erential e¡ect on colony growth of the
reporter cell line. The e¡ects of Wnt-5a and Wnt-
7a, which represent the two functional subgroups,
were additive (Fig. 4B).
To evaluate whether the observed e¡ects were
Wnt-speci¢c we next exposed the sandwich cultures
to chlorate (30 mM), as shown in Fig. 4A (stippled
bars). Chlorate is known to speci¢cally inhibit sulfa-
tion of matrix proteoglycans [47] and thus may in-
terfere with Wnt binding to its fz receptors. As ex-
pected, chlorate reversed the stimulatory e¡ect of
Wnt-5a and 11. However, it had no e¡ect on the
inhibitory peptides Wnt-1, 3a, 4, 7a, and 7b or on
the control cells, with respect to colony size. We also
established a NIH3T3 line expressing sFRP-2 as de-
scribed [21]. Members of the fz-related family of pro-
teins are known to speci¢cally interfere with Wnt
functions, presumably by competing for receptor
binding [13]. To test the e¡ect of sFRP-2 on mem-
bers of each functional Wnt subgroup, we mixed
NIH3T3 lines secreting Wnt-5a or 7a with cells se-
creting sFRP-2 (Fig. 4B). After 24 h these monolayer
cultures were sandwiched with pColl(II)-EGFP-5
cells suspended in LMP agarose and the co-culture
continued for 14 days. Over the course of these ex-
periments sFRP-2, as expected, antagonized the stim-
ulatory e¡ect of Wnt-5a-secreting cells on colony size
of the chondrogenic reporter cell line (Fig. 4B). Sur-
prisingly, however, sFRP-2 also by itself inhibited
colony growth of pColl(II)-EGFP-5 cells and thus
only added further to the inhibitory e¡ect of Wnt-
7a (Fig. 4B).
We next speculated that the di¡erential e¡ect of
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Wnts on colony growth may involve di¡erent signal-
ing pathways such as the dsh/GSK-3L/L-catenin/lef-1
pathway [24,25], activation of PK-C, Ca2/CamKII,
or the release of intracellular calcium via a G-pro-
tein-dependent mechanism [26,27]. To test the in-
volvement of PK-C in the observed Wnt e¡ects, we
treated the sandwich cultures with di¡erent PK-C
inhibitors and PMA. Long-term down-regulation of
PK-C with PMA and the selective PK-C inhibitors
bisindolylmaleimide I and Go« 6976 stimulated col-
ony growth of pColl(II)-EGFP-5 in the absence of
Wnts. Staurosporine, conversely, inhibited colony
growth in the absence of Wnts. However, the e¡ect
of Wnt-7a was largely undisturbed by these agents
(Fig. 4C) or they added to the stimulatory e¡ect of
Wnt-5a (not shown).
3.2. E¡ect of Wnts on colony di¡erentiation
We next evaluated the expression of the two early
chondrogenic di¡erentiation markers by pColl(II)-
EGFP-5 cells. Over the course of 14 days in LMP
agarose suspension culture colonies started to display
green £uorescence and secreted cartilage-speci¢c pro-
teoglycans that were visualized by Alcian blue stain-
ing. Figs. 5A and 6A show the relative intensities of
both markers on an arbitrary scale that was used to
evaluate microphotographs taken from co-culture ex-
Fig. 3. E¡ect of Wnts and sFRP-2 on cartilage-speci¢c proteoglycan expression. The reporter cell line pColl(II)-EGFP-5 (100 000 cells/
ml, 0.5 ml/35-mm well) was cultured in LMP agarose on top of monolayer cultures with NIH3T3 cells producing lacZ, various Wnts,
or sFRP-2 (50 000 cells/35 mm well). Chlorate (30 mM) was added where indicated (+C) and medium was changed every 2^3 days.
After 14 days cells were ¢xed and stained with alcian blue for cartilage-speci¢c proteoglycan expression (magni¢cation 15U). The ¢g-
ure represents one of three similar experiments, performed in duplicate.
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periments with NIH3T3 cells secreting various pep-
tides (Figs. 2 and 3). Di¡erentiation of pColl(II)-
EGFP-5 cells with respect to these markers was com-
pletely inhibited in the presence of NIH3T3 cells se-
creting Wnt-1, 3a, 4, 7a, and 7b. Conversely, Wnt-5a
and 11, which stimulated colony growth (see Fig. 4A
and above), also supported the expression of both
di¡erentiation markers. Members of the Wnt family
Fig. 4. (A) E¡ect of Wnts and sFRP-2 on colony size of pColl(II)-EGFP-5. The reporter cell line pColl(II)-EGFP-5 in LMP agarose
(100 000 cells/ml, 0.5 ml/35-mm well) was cultured on top of monolayer cultures with NIH3T3 cells producing lacZ, various Wnts, or
sFRP-2 (50 000 cells/35-mm well) as indicated on the x-axis. 30 mM chlorate was added for the entire culture period where indicated
(stippled bars). (B) Interaction of Wnt-7a with Wnt-5a or sFRP-2. pColl(II)-EGFP-5 cells in LMP agarose (100 000 cells/ml, 0.5 ml/
35-mm well) were cultured on top of monolayer cultures with NIH3T3 cells producing lacZ, Wnt7a, or sFRP-2 (50 000/35-mm well),
or 1:1 combinations thereof (25 000 cells/35-mm well and cell line) as indicated on the x-axis. (C) E¡ect of protein kinase C modula-
tors on proliferation of pColl(II)-EGFP-5. pColl(II)-EGFP-5 cells in LMP agarose (100 000 cells/ml, 0.5 ml/35-mm well) were cultured
on top of monolayer cultures with NIH3T3 cells producing lacZ (clear bars) or Wnt7a (stippled bars) (50 000/35-mm well) in the pres-
ence of vehicle (0.1% DMSO, control), staurosporine (stauro, 10 nM), bisindolylmaleimide I (bisindo, 100 nM), Go« 6976 (Go«, 100
nM), or PMA (100 nM). Cultures were photographed after 14 days and colony diameters were measured. The mean colony volume þ
S.E.M. of two to ¢ve experiments, each point representing 200^1000 scored colonies, is shown here after correction for control cul-
tures (lacZ).
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of glycoproteins, therefore, have a di¡erential e¡ect
on the di¡erentiation of the reporter cell line, which
corresponds to their e¡ect on colony growth (see
above).
To evaluate whether the observed e¡ects were
Wnt-speci¢c, again chlorate (30 mM) and sFRP-2
were used. Chlorate had no e¡ect on control cells
but it reversed the inhibitory e¡ect of Wnt-1, 3a, 4,
Fig. 5. (A) E¡ect of Wnts and sFRP-2 on reporter gene expression of pColl(II)-EGFP-5. The reporter cell line pColl(II)-EGFP-5 in
LMP agarose (100 000 cells/ml, 0.5 ml/35-mm well) was cultured on top of monolayer cultures with NIH3T3 cells producing lacZ, var-
ious Wnts, or sFRP-2 (50 000 cells/35-mm well) as indicated on the x-axis. 30 mM chlorate was added for the entire culture period
where indicated (stippled bars). (B) Interaction of Wnt-7a with Wnt-5a or sFRP-2. pColl(II)-EGFP-5 cells in LMP agarose (100 000
cells/ml, 0.5 ml/35-mm well) were cultured on top of monolayer cultures with NIH3T3 cells producing lacZ, Wnt7a, or sFRP-2
(50 000/35-mm well), or 1:1 combinations thereof (25 000 cells/35-mm well and cell line) as indicated on the x-axis. (C) E¡ect of PK-C
modulators on reporter gene expression of pColl(II)-EGFP-5. pColl(II)-EGFP-5 cells in LMP agarose (100 000 cells/ml, 0.5 ml/35-mm
well) were cultured on top of monolayer cultures with NIH3T3 cells producing lacZ (clear bars) or Wnt7a (stippled bars) (50 000/35-
mm well) in the presence of vehicle (0.1% DMSO, control), staurosporine (stauro, 10 nM), bisindolylmaleimide I (bisindo, 100 nM),
Go« 6976 (Go«, 100 nM), or PMA (100 nM). Cultures were photographed after 14 days and £uorescence evaluated on an arbitrary
scale (0^3), 0 = no reporter gene expression, 3 = maximal expression. The mean þ S.E.M. of two to nine experiments, each point repre-
senting 200 scored colonies, is shown.
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Fig. 6. (A) E¡ect of Wnts and sFRP-2 on alcian blue staining of pColl(II)-EGFP-5. The reporter cell line pColl(II)-EGFP-5 in LMP
agarose (100 000 cells/ml, 0.5 ml/35-mm well) was cultured on top of monolayer cultures with NIH3T3 cells producing lacZ, various
Wnts, or sFRP-2 (50 000 cells/35-mm well) as indicated on the x-axis. 30 mM chlorate was added for the entire culture period where
indicated (stippled bars). (B) Interaction of Wnt-7a with Wnt-5a or sFRP-2. pColl(II)-EGFP-5 cells in LMP agarose (100 000 cells/ml,
0.5 ml/35-mm well) were cultured on top of monolayer cultures with NIH3T3 cells producing lacZ, Wnt7a, or sFRP-2 (50 000/35-mm
well), or 1:1 combinations thereof (25 000 cells/35-mm well and cell line) as indicated on the x-axis. (C) E¡ect of PK-C modulators
on alcian blue staining of pColl(II)-EGFP-5. pColl(II)-EGFP-5 cells in LMP agarose (100 000 cells/ml, 0.5 ml/35-mm well) were cul-
tured on top of monolayer cultures with NIH3T3 cells producing lacZ (clear bars) or Wnt7a (stippled bars) (50 000/35-mm well) in
the presence of vehicle (0.1% DMSO, control), staurosporine (stauro, 10 nM), bisindolylmaleimide I (bisindo, 100 nM), Go« 6976 (Go«,
100 nM), or PMA (100 nM). After 14 days cultures were ¢xed and stained with alcian blue for sulfated proteoglycans and the stain-
ing intensity was evaluated on an arbitrary scale (0^3), 0 = no staining, 3 = maximal staining. The mean þ S.E.M. of two to nine experi-
ments, each point representing 200 scored colonies, is shown.
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7a, and 7b on reporter gene expression as illustrated
in Fig. 5A (stippled bars). Conversely, chlorate
caused a loss of alcian blue staining in control cul-
tures (Fig. 6A, stippled bars), and the stimulatory
peptides Wnt-5a and 11 were unable to overcome
this inhibition. These Wnt e¡ects may therefore de-
pend on the presence of sulfated proteoglycans. The
function of sFRP-2 with respect to the two di¡er-
entiation markers is shown in Figs. 5B and 6B.
sFRP-2 intrinsically inhibited both reporter gene ex-
pression and alcian blue staining, and its e¡ect was
additive to that of members of the inhibitory and
stimulatory Wnt subgroups, Wnt-5a and 7a (Figs.
5B and 6B). Finally, we evaluated the involvement
of PK-C during chondrogenic di¡erentiation which is
summarized in Figs. 5C and 6C. PMA and the selec-
tive PK-C inhibitors bisindolylmaleimide I and Go«
6976 stimulated the expression of EGFP and the
accumulation of cartilage-speci¢c proteoglycans in
control cultures, but they were unable to overcome
the inhibitory e¡ect of Wnt-7a (Figs. 5C and 6C).
Conversely, the less selective protein kinase inhibitor
staurosporine fully reversed the inhibitory e¡ect of
Wnt-7a on reporter gene expression (Fig. 5C).
4. Discussion
Experiments by Solursh et al. a few decades ago
have shown that the addition of ectoderm to micro-
mass cultures of chick limb bud cells inhibits their
di¡erentiation into cartilage in vitro [6,48]. In this
study, we have examined the e¡ect of various Wnts
on early chondrocyte di¡erentiation. Wnt-1, 3a, 4,
7a, and 7b negatively regulated early di¡erentiation
and colony growth of our chondrogenic reporter cell
line. The ¢ndings are consistent with reports by
others that show inhibition of growth and di¡eren-
tiation of chondrocyte micromass cultures by Wnt-1
[36]. Wnt-3a, 7a, and 7b were shown previously to be
expressed in the limb bud epithelium [32,33]. Mem-
bers of this glycoprotein family may, therefore, be
good candidates for negative regulators of cartilage
di¡erentiation originating from the limb bud epithe-
lium.
Conversely, Wnt-5a and 11 stimulated colony
growth and moderately enhanced di¡erentiation in
our experimental model. Since early chondrogenic
di¡erentiation was shown to be cell density-depen-
dent in various systems [5,7^9], it is possible that
Wnts a¡ect di¡erentiation by modulating prolifera-
tion. Wnt-1, 3a, 4, 7a, and 7b may stimulate exit of
proliferating chondrocytes from the cell cycle and
thereby inhibit colony growth and early di¡erentia-
tion in our experimental system. Conversely, Wnt-5a
and 11, by stimulating colony growth, may lead to
density-dependent early chondrogenic di¡erentiation.
A dual role of Wnt-4 and 5a has also been shown
after retroviral transfection in the chick limb with
respect to terminal chondrogenic di¡erentiation
[30,35]. In this context, inhibition of proliferation
by Wnt-4, however, accelerated the maturation of
prehypertrophic chondrocytes to hypertrophic chon-
drocytes, while Wnt-5a delayed this transition.
A classi¢cation in Wnt-1 and Wnt-5 group e¡ects
was reported for other systems including transforma-
tion of mammary cells [17,18] and axis duplication
assays in early Xenopus embryos [19,20]. However,
Wnt-4, by inhibiting colony growth, was found to
group with Wnt-1, 3a, 7a, and 7b as also seen in
the kidney induction assay [21], while it could have
been expected to group with Wnt-5 according to its
lack of activity in the Xenopus axis duplication assay.
Therefore, the signaling mechanisms for some Wnt
members appear to vary between di¡erent tissues and
may be similar for kidney cells and chondrocytes.
Chlorate reversed the growth stimulatory e¡ect of
Wnt-5a and 11 and the suppression of green £uores-
cence seen by Wnt-1, 3a, 4, 7a, and 7b. Since pro-
teoglycans are thought to function as co-receptors
for Wnts, this ¢nding may support the Wnt speci¢c-
ity of the observed e¡ects. However, chlorate had no
e¡ect on growth inhibition by Wnt-1, 3a, 4, 7a, and
7b, even though Wnt-1 and Wnt-4 are a¡ected by
chlorate treatment in other systems [16,21,49,50].
The di¡erent sensitivity to chlorate treatment could
be explained by the presence of multiple modes of
signal transduction in the cell line studied, some of
which do not require the presence of sulfated proteo-
glycans.
We also tested the e¡ect of a fz-related protein
(sFRP-2) in our system. sFRP-2 comprises a cys-
teine-rich domain related to the extracellular ami-
no-terminal part of the frizzled receptors. It is highly
expressed in the limb bud [51] and is thought to
prevent the interaction of Wnts with their receptors.
BBAMCR 14707 13-4-01
C. Bergwitz et al. / Biochimica et Biophysica Acta 1538 (2001) 129^140138
sFRP-2 reversed the e¡ects of Wnt-5a, providing fur-
ther evidence for speci¢city of the observed e¡ect.
However, interestingly, it also had an inhibitory ef-
fect on colony growth and di¡erentiation in the ab-
sence of Wnts. These ¢ndings may indicate that
sFRP-2 may have an intrinsic, Wnt-like activity as
suggested by others [52], although it cannot be ex-
cluded at this point that sFRP-2 may act as a (sol-
ubility) mediator for endogenously produced inhibi-
tory Wnts or that it may inhibit the function of
endogenous stimulatory Wnts.
Wnt-1, 3a, and 7a may signal via the dsh/GSK-3L/
L-catenin pathway [13,17,24,25], while Wnt-5a and
11 may stimulate release of intracellular calcium,
the InsP3/diacylglycerol/PK-C pathway, or activate
Ca2/CamKII [26,27,53]. Our ¢nding that the e¡ects
of Wnt-5a and Wnt-7a on colony size were additive
(Fig. 4B) may support the view that the two func-
tional Wnt classes utilize independent signaling path-
ways also in chondrogenic cells. To test for an in-
volvement of the InsP3/diacylglycerol/PK-C pathway
with the observed Wnt e¡ects, we used di¡erent PK-
C inhibitors and PMA. Go« 6976 [54], bisindolylmale-
imide I [55], and long-term down-regulation of PK-C
by PMA [56] stimulated both di¡erentiation and
colony size. Importantly however, Wnt-7a function
was not a¡ected by these PK-C inhibitors, suggesting
that PK-C may not be essential for signal transduc-
tion of this family member. Instead, Wnt-7a may
activate dsh/GSK-3L/L-catenin, which in turn may
activate c-myc expression [23,57], which was shown
by others to modulate chondrogenesis [58]. With
staurosporine [59], however, we observed a stimula-
tion of di¡erentiation and a reversal of the Wnt-7a
e¡ect. This discrepancy may result from the lower
speci¢city of this agent for PK-C, and may indicate
involvement of other protein kinases including PK-A
or CamKII in Wnt-7a action on chondrocyte di¡er-
entiation.
The signi¢cance of our observations in vitro for
chondrogenesis in vivo remains to be shown and it
will be instrumental to examine the in situ expression
of Wnts, their receptors, and FRP in the growth
plate. We also need to keep in mind that the co-
culture system cannot discriminate between a para-
crine e¡ect of the secreted Wnts directly on the chon-
drogenic cell lines studied and an autocrine stimula-
tion of the NIH3T3 cells that in turn secrete factors
like FGF or PDGF to indirectly a¡ect chondrocyte
growth and di¡erentiation. A similar problem is en-
countered with transgenic overexpression of the pep-
tides in mice [32,33], and future studies with synthetic
peptides are warranted to clarify whether some of the
observed Wnt e¡ects involve intermediary hormones.
In conclusion, we provided further evidence that
Wnts di¡erentially regulate colony growth and di¡er-
entiation of chondrogenic cell lines in vitro which
may have implications for cartilage di¡erentiation
in vivo. Wnt function in this cell line may involve
multiple signaling pathways and can be modulated
by staurosporine and by chlorate, an inhibitor of
proteoglycan sulfation.
Acknowledgements
This work was supported by DFG Be1586/2-1.
References
[1] A.H. Reddi, Curr. Opin. Genet. Dev. 4 (1994) 737^744.
[2] M.J. Favus, Primer on the metabolic bone diseases and dis-
orders of mineral metabolism, 3rd edn., Lippincott-Raven,
Philadelphia, PA, 1996.
[3] A. Erlebacher, E.H. Filvaro¡, S.E. Gitelman, R. Derynck,
Cell 80 (1995) 371^378.
[4] C. Tabin, Cell 80 (1995) 671^674.
[5] B.K. Hall, T. Miyake, Int. J. Dev. Biol. 39 (1995) 881^893.
[6] M. Solursh, in: R. Trelstad (Ed.), The Role of Extracellular
Matrix in Development Alan R. Liss, New York, 1984, pp.
277^303.
[7] S.A. Oberlender, R.S. Tuan, Development 120 (1994) 177^
187.
[8] R.B. Widelitz, T.X. Jiang, B.A. Murray, C.M. Chuong,
J. Cell Physiol. 156 (1993) 399^411.
[9] R. Crowe, J. Zikherman, L. Niswander, Development 126
(1999) 987^998.
[10] B.A. Parr, A.P. McMahon, Curr. Opin. Genet. Dev. 4 (1994)
523^528.
[11] M. Peifer, Science 275 (1997) 1752^1753.
[12] E. Po«tter, C. Bergwitz, G. Brabant, Endocr. Rev. 20 (1999)
207^239.
[13] R.T. Moon, J.D. Brown, J.A. Yang-Snyder, J.R. Miller, Cell
88 (1997) 725^728.
[14] J.R. Miller, A.M. Hocking, J.D. Brown, R.T. Moon, Onco-
gene 18 (1999) 7860^7872.
[15] J.C. Hsieh, A. Rattner, P.M. Smallwood, J. Nathans, Proc.
Natl. Acad. Sci. USA 96 (1999) 3546^3551.
[16] R.C. Binari, B.E. Staveley, W.A. Johnson, R. Godavarti, R.
BBAMCR 14707 13-4-01
C. Bergwitz et al. / Biochimica et Biophysica Acta 1538 (2001) 129^140 139
Sasisekharan, A.S. Manoukian, Development 124 (1997)
2623^2632.
[17] G.T. Wong, B.J. Gavin, A.P. McMahon, Mol. Cell. Biol. 14
(1994) 6278^6286.
[18] R.C. Humphreys, J.M. Rosen, Cell Growth Di¡er. 8 (1997)
839^849.
[19] R.T. Moon, J.L. Christian, R.M. Campbell, L.L. McGrew,
A.A. DeMarais, M. Torres, C.J. Lai, D.J. Olson, G.M.
Kelly, Development 119 (Suppl.) (1993) 85^94.
[20] S.J. Du, S.M. Purcell, J.L. Christian, L.L. McGrew, R.T.
Moon, Mol. Cell. Biol. 15 (1995) 2625^2634.
[21] A. Kispert, S. Vainio, A.P. McMahon, Development 125
(1998) 4225^4234.
[22] R.T. Cox, M. Peifer, Curr. Biol. 8 (1998) R140^R144.
[23] E. Pennisi, Science 281 (1999) 1438^1441.
[24] J. Galceran, I. Farinas, M.J. Depew, H. Clevers, R. Gros-
schedl, Genes Dev. 13 (1999) 709^717.
[25] M. Kengaku, J. Capdevila, C. Rodriguez-Esteban, J. De La
Pena, R.L. Johnson, J.C.I. Belmonte, C.J. Tabin, Science
280 (1998) 1274^1277.
[26] M. Kuhl, L.C. Sheldahl, M. Park, J.R. Miller, R.T. Moon,
Trends Genet. 16 (2000) 279^283.
[27] M. Kuhl, L.C. Sheldahl, C.C. Malbon, R.T. Moon, J. Biol.
Chem. 275 (2000) 12701^12711.
[28] C.N. Dealy, A. Roth, D. Ferrari, A.M. Brown, R.A. Ko-
sher, Mech. Dev. 43 (1993) 175^186.
[29] T.P. Yamaguchi, A. Bradley, A.P. McMahon, S. Jones, De-
velopment 126 (1999) 1211^1223.
[30] Y. Kawakami, N. Wada, S. Nishimatsu, T. Ishikawa, S.
Noji, T. Nohno, Dev. Growth Di¡er. 41 (1999) 29^40.
[31] B.A. Parr, E.J. Avery, J.A. Cygan, A.P. McMahon, Dev.
Biol. 202 (1998) 228^234.
[32] R.L. Johnson, C.J. Tabin, Cell 90 (1997) 979^990.
[33] B.A. Parr, M.J. Shea, G. Vassileva, A.P. McMahon, Devel-
opment 119 (1993) 247^261.
[34] J.H. Christiansen, C.L. Dennis, C.A. Wicking, S.J. Monkley,
D.G. Wilkinson, B.J. Wainwright, Mech. Dev. 51 (1995)
341^350.
[35] C. Hartmann, C.J. Tabin, Development 127 (2000) 3141^
3159.
[36] J.A. Rudnicki, A.M. Brown, Dev. Biol. 185 (1997) 104^118.
[37] A.E. Grigoriadis, J.E. Aubin, J.E.M. Heersche, Endocrinol-
ogy 125 (1989) 2103^2110.
[38] S.M. Bernier, D. Goltzman, J. Bone Miner. Res. 8 (1993)
475^484.
[39] A. Poliard, A. Nifuji, D. Lamblin, E. Plee, C. Forest, O.
Kellermann, J. Cell Biol. 130 (1995) 1461^1472.
[40] S. McDougall, Y.-H. Fu, G.N. Lowe, A. Williams, R. Po-
lendo, P.D. Benya, A. Iida-Klein, M.A. Fang, T.J. Hahn,
J. Bone Miner. Res. 11 (1996) 1130^1138.
[41] W. Horton, T. Miyashita, K. Kohno, J.R. Hassell, Y. Ya-
mada, Proc. Natl. Acad. Sci. USA 84 (1987) 8864^8868.
[42] K. Nakata, K. Ono, J.I. Miyazaki, B.R. Olsen, Y. Muraga-
ki, E. Adachi, K.I. Yamamura, T. Kimura, Proc. Natl.
Acad. Sci. USA 90 (1993) 2870^2874.
[43] J.D. Bancroft, A. Stevens, Theory and Practice of Histolog-
ical Techniques, 3rd edn., Churchill Livingstone, New York,
1990.
[44] S.M. Bernier, J. Dejardines, A.K. Sullivan, D. Goltzman,
J. Cell Physiol. 145 (1990) 274^285.
[45] A.L. Aulthouse, M. Solursh, Dev. Biol. 120 (1987) 377^
384.
[46] C. Healy, D. Uwanogho, P.T. Sharpe, Dev. Dyn. 215 (1999)
69^78.
[47] P.A. Baeuerle, W.B. Huttner, Biochem. Biophys. Res. Com-
mun. 141 (1986) 870^877.
[48] P.B. Ahrens, M. Solursh, R.S. Reiter, Dev. Biol. 60 (1977)
69^82.
[49] F. Reichsman, L. Smith, S. Cumberledge, J. Cell Biol. 135
(1996) 819^827.
[50] A. Kispert, S. Vainio, L. Shen, D.H. Rowitch, A.P. McMa-
hon, Development 122 (1996) 3627^3637.
[51] B. Lescher, B. Haenig, A. Kispert, Dev. Dyn. 213 (1998)
440^451.
[52] A. Ba¢co, A. Gazit, T. Pramila, P.W. Finch, A. Yaniv, S.A.
Aaronson, J. Biol. Chem. 274 (1999) 16180^16187.
[53] D.C. Slusarski, V.G. Corces, R.T. Moon, Nature 390 (1997)
410^413.
[54] G. Martiny-Baron, M.G. Kazanietz, H. Mischak, P.M.
Blumberg, G. Kochs, H. Hug, D. Marme, C. Schachtele,
J. Biol. Chem. 268 (1993) 9194^9197.
[55] D. Toullec, P. Pianetti, H. Coste, P. Bellevergue, T. Grand-
Perret, M. Ajakane, V. Baudet, P. Boissin, E. Boursier, F.
Loriolle et al., J. Biol. Chem. 266 (1991) 15771^15781.
[56] J.L. Sanders, P.H. Stern, J. Bone Miner. Res. 11 (1996)
1862^1872.
[57] T.-C. He, A.B. Sparks, C. Rago, H. Hermeking, L. Zawel,
L.T. daCosta, P.J. Morin, B. Vogelstein, K.W. Kinzler, Sci-
ence 281 (1998) 1509^1512.
[58] J. Motoyama, K. Eto, FEBS Lett. 338 (1994) 323^325.
[59] T. Tamaoki, H. Nomoto, I. Takahashi, Y. Kato, M. Mor-
imoto, F. Tomita, Biochem. Biophys. Res. Commun. 135
(1986) 397^402.
BBAMCR 14707 13-4-01
C. Bergwitz et al. / Biochimica et Biophysica Acta 1538 (2001) 129^140140
